To control the molecular energy levels of highly p-extended n-type molecules, we synthesized two acceptordonor-acceptor (A-D-A)-type molecules with indacenodithiophenes (IDTs) or IDT-benzodithiophene (BDT)-IDT as donating cores and 2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene)propanedinitrile (IM) as terminal accepting units. These molecules showed different optical and electrochemical properties, indicating that the energy levels can be easily tuned by changing the structure of the donating core. Among two molecules, IM-BDTIDT2 showed a relatively blue shifted absorption spectrum and low-lying highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels. Although IM-IDT3 and IM-BDTIDT2 have a highly p-extended conjugated structure, no clear crystalline behaviour was observed in their thin films. When applied to polymer solar cells (PSCs), the device based on IM-BDTIDT2 displayed a higher PCE (5.33%) than the device bearing IM-IDT3 owing to the lower-lying energy levels of IM-BDTIDT2. Thus, the use of BDT as a donating core unit is favorable for limiting high-lying energy levels in highly p-extended A-D-A-type molecules.
Introduction
To obtain high power conversion efficiency (PCE) in nonfullerene-based bulk heterojunction (BHJ) polymer solar cells (PSCs), many kinds of n-type semiconducting organic molecules have been developed recently. [1] [2] [3] [4] [5] [6] Although fullerene derivatives such as [6, 6] -phenyl-C 61 /C 71 -butyric acid methyl ester (PC 61 BM and PC 71 BM) have good n-type semiconducting properties and display outstanding PSC performance, they suffer from high costs and limitations in light absorption range, energy levels, and internal morphology control in blend lms.
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Recently, it has been suggested that an efficient design strategy for non-fullerene acceptors is to combine a typical conjugated donor core with acceptor units such as perylene diimide (PDI), rhodanine, and dicyanovinyl; the resultant molecules are denoted as acceptor-donor-acceptor (A-D-A)-type molecules. [14] [15] [16] [17] [18] [19] [20] [21] [22] The PCE values of BHJ PSCs based on such n-type molecules have been rapidly improved through the development of device architectures and appropriate p-type D-A copolymers to replace polythiophene derivatives which are donor-only polymers.
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Among the various n-type organic semiconductors, dicyanovinyl-based electron withdrawing groups have attracted considerable attention because their combination with various building blocks can result in facile tunability of energy levels and absorption properties for specic A-D-A molecules. Additionally, it was found that the molar absorption efficiencies of such molecules, from the visible to near infrared (NIR) region, are much larger than those of fullerene derivatives.
For example, a new series of n-type semiconducting molecules consisting of indacenodithiophene (IDT) or indacenodithienothiophene derivatives as donor cores and 2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene)propanedinitrile (IM) as terminal acceptor groups in A-D-A-type molecules have been demonstrated to show high PCE values in non-fullerene-based BHJ PSCs. [28] [29] [30] [31] [32] [33] [34] [35] [36] Advantageously, the energy levels of these molecules were also easily tuned by introducing thienothiophene or thiophene bridges. On the other hand, size variation of the donating core unit in A-D-A-type molecules has been studied less frequently. Such variation is an important design strategy for governing molecular energy levels, improving lm-forming properties, and controlling morphologies in donor-acceptor blend lms.
In this work, we designed and synthesized highly p-extended n-type semiconducting molecules with IDT-IDT-IDT core or an IDT-benzodithiophene (BDT)-IDT core as donating units and IM as terminal accepting units, as shown in Fig. 1 . IM-IDT3 was reported to show poor PCE of 1.05% in PSC device (PTB7-Th : IM-IDT3) due to similar energy level of a PTB7-Th as p-type polymer.
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As a new n-type molecule, IM-BDTIDT2 was prepared to modify the energy levels of IM-IDT3. These n-type semiconducting molecules showed relatively high-lying highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels compared with those of PCBM derivatives. Interestingly, IM-BDTIDT achieves favourable energy levels in PSCs which are lower-lying than those of IM-IDT3. Pure and blends lms of IM-IDT3 and IM-BDTIDT2 showed lower degree of crystallinity or amorphous natures. A high PCE of 5.33% was achieved for PTB7-Th : IM-BDTIDT2-based inverted BHJ solar cells, whereas the IM-IDT3-based devices showed PCE values of 3.25%.
Results and discussion

Synthesis and characterization
The synthetic procedure for the nal n-type semiconductor IM-BDTIDT2, is shown in Scheme 1. IM-IDT3 was prepared according to literature. 37 Compounds 3 bearing two aldehyde groups were prepared via Stille coupling reaction with compound 1 and compound 2. Finally, IM-BDTIDT2 was successfully synthesized quantitatively via typical Knoevenagel condensation reactions using the dialdehyde compound 3 and 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile.
To conrm the structures of the compounds synthesized herein, NMR and MALDI-TOF analyses were performed. Two nal compounds were found to have good solubility in organic solvents, such as dichloromethane, THF, chloroform, and chlorinated benzenes.
Optical and electrochemical properties
UV-vis absorption spectra of the two synthesized n-type semiconducting molecules, IM-IDT3 and IM-BDTIDT2 were obtained in both solution and thin lms. The corresponding spectra and parameters are displayed in Fig. 2 and Table 1 . Two synthesized compounds show a strong NIR absorption band owing to strong intramolecular charge transfer (ICT) between IDT3 or BDTIDT2 as an electron-donating group and IMs as strong electron-withdrawing groups.
The wavelength of maximum absorbance (l max ) of IM-IDT3 and IM-BDTIDT2 are 687 and 665 nm, respectively, in chloroform solution and 707 and 671 nm, respectively, in thin lms. Although IM-BDTIDT2 has a highly p-extended backbone, similar to IM-IDT3, the absorption spectrum of IM-BDTIDT2 in solution shows a blue shi relative to that of IM-IDT3. Thus, it seems that the electron-donating ability of the BDT unit might be weaker than that of IDT.
Compared with those of IM-IDT3, the absorption spectrum of the IM-BDTIDT2 lm shows relatively smaller bathochromic shi. This observation indicates that the IDT-BDT-IDT core in IM-BDTIDT2 might suppress intermolecular interactions (Fig. S3 †) . Additionally, molar extinction coefficient of IM-BDTIDT2 is 2.04 Â 10 5 M À1 cm À1 , which is relatively higher than that of IM-IDT3 as shown in Fig. S4a . † The optical bandgaps of IM-IDT3 and IM-BDTIDT2 calculated from the absorption edges in the absorption spectra of the thin lms were 1.53 and 1.64 eV, respectively. The redox potentials of synthesized IM-IDT3 and IM-BDTIDT2 were examined using CV measurements, as shown in Fig. 2c . The oxidation potentials (E ox ) of IM-IDT3 and IM-BDTIDT2 were 0.89 and 1.08 V, respectively, and the corresponding HOMO levels were located at À5.34 and À5.53 eV, respectively. The LUMO levels, as calculated from the HOMO levels and the optical bandgaps, were located at À3.81 and À3.89 eV for IM-IDT3 and IM-BDTIDT2, respectively. Compared with PC 71 BM derivatives, the LUMO levels of the synthesized molecules as acceptors are suitable for fabricating BHJ PSCs, as shown in Fig. 2d . It could lead us to expect a higher open circuit voltage (V oc ) value in a PSC with the blend lm containing PTB7-Th as p-type polymer.
However, as the energy levels of IM-IDT3 are very similar to those of PTB7-Th, (Fig. 2d) , efficient charge separation and transport might not be achieved in an IM-IDT3 and PTB7-Th interface. Interestingly, the energy levels of IM-BDTIDT2 are slightly lower lying than those of IM-IDT3 owing to the effect of the BDT core.
Performance of bulk heterojunction polymer solar cells BHJ PSCs were fabricated using the synthesized n-type molecules and PTB7-Th as a well-known p-type semiconducting polymer. We chose an inverted solar cell structure with the conguration of ITO/ZnO/PTB7-Th : n-type molecule/MoO 3 /Ag. To obtain the best device performance, the donor and acceptor blend ratio and the amount of DPE as a solvent additive were optimized, as shown in Table S1 . † , and the resultant device performance parameters are summarized in Tables 2 and S1 . † The best PCE value for PTB7-Th : IM-IDT3 with a 1 : 1 (w/w) blend ratio and 4 vol% DPE additive was 3.25%, which is three times higher than that of published PSCs made of an o-DCB solution of PTB7-Th : IM-IDT3 (1 : 1.5) blend without adding any additives.
37 Interestingly, the PTB7-Th : IM-BDTIDT2 -based device (1 : 1, 2 vol% DPE additive) exhibited the highest PCE of 5.3%. Interestingly, two devices showed the high V oc value from 0.96 to 0.97 V, which is consistent with the difference between the LUMO level of the acceptor and the HOMO level of PTB7-Th obtained from the CV results. Compared to IM-IDT3, IM-BDTIDT2-based device with 2% DPE exhibited high J sc value of 11.28 mA cm
À2
. The EQE spectra of the corresponding devices are shown in Fig. 3b . EQE spectrum shapes of them correspond to the absorption band of their blend lms, as shown in Fig. S5 . † The IM-BDTIDT2-based devices with higher PCE values show high photon-to-current responses from 500 to 800 nm, whereas the IM-IDT3-based device exhibit relatively low EQE values. This observation indicates that the PTB7-Th : IM-BDTIDT2 blend achieves more efficient photoelectron conversion.
Moreover as shown in Fig. S6 and Table S2 , † the device fabricated with the PTB7-Th : IM-BDTIDT2 blend had a relatively low ratio of hole and electron mobility (m h /m e ¼ 6.32) compared to that of PTB7-Th : IM-IDT3-based device (m h /m e ¼ 10.65). This result may explain the relatively high J sc of the PTB7-Th : IM-BDTIDT2 BHJ device.
The microstructural features of the pure molecule lms and their optimized blend lms were investigated by twodimensional GIWAXS, as shown in Fig. 4 , S7 and S8. † IM-IDT3 and IM-BDTIDT2 showed poor crystallinity, both in pristine and PTB7-Th blend lms. This behavior might be attributable to the longer length of these molecules and high rotational freedom in the structure of IDTs or IDT-BDT-IDT. From this result, we could not nd signicantly different crystalline behavior in pure and blend lms.
To nd other evidences of the PSC performance, the surface and internal morphologies of the optimized blend lms were investigated by AFM and TEM, respectively. The IM-IDT3 and IM-BDTIDT2 lms display very similar surface morphologies as shown in Fig. 5 . Additionally, no clear phase segregation behaviors are observed in the blend lms of PTB7-Th : IM-IDT3 and PTB7-Th : IM-BDTIDT2 as shown in TEM images ( Fig. 5c and f) . The formation of ne domains and the occurrence of nanophase separation are crucial factors for improving J sc values by achieving efficient exciton diffusion and increasing the interfacial area for efficient exciton dissociation between the p-and n-type molecules. However, although PTB7-Th : IM-IDT3 showed favorable morphology with a ne structure, the corresponding device exhibited relatively poor photovoltaic performance. It is probably that the different PSC performance observed for IM-IDT3-and IM-BDTIDT2-based devices could be governed by their molecular energy levels.
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Conclusions
To investigate the correlation between HOMO/LUMO energy levels and donating cores, we synthesized two different A-D-A-type large molecules containing the same or different donating cores. IM-IDT3 and IM-BDTIDT2 showed NIR absorption spectra and higher-lying HOMO and LUMO levels compared to those of PCBM. However, the energy levels of IM-IDT3 were very close to those of the p-type polymer PTB7-Th. In contrast, IM-BDTIDT2 with an IDT-BDT-IDT core exhibited a signicantly blue-shied absorption spectrum and lower-lying energy levels, which overcomes the disadvantages of IM-IDT3 bearing an IDT-IDT-IDT core. PTB7-Th : IM-BDTIDT2 exhibited signicantly improved device performance compared with the IM-IDT3-based device owing to the ne surface and internal morphology of blend lms and favorable energy levels.
Experimental
Materials
All starting reagents were purchased from Tokyo Chemical Industry, Sigma-Aldrich, and Acros Organics. The reagent-grade solvents used in this study were freshly dried using standard methods. Compounds 1, 2, and IM-IDT3 were synthesized according to literature methods. 37, 39 Synthesis of compound 3
Pd 2 (dba) 3 (11.4 mg, 10.0 mmol) and P(o-tolyl) 3 (11.4 mg, 10 .0 mmol) were added to a solution of compound 1 (0.09 g, 0.1 mmol) and compound 2 (0.203 g, 0.2 mmol) in toluene (20 mL) at room temperature under an argon atmosphere. The mixture was heated to 100 C and stirred at this temperature for 12 h.
Aer cooling the mixture to room temperature, the mixture was poured into water (50 mL) and then extracted with dichloromethane. The organic layer was dried over MgSO 4 
Instrumentation
1 H NMR spectra were acquired using a Varian Mercury a Bruker 500 MHz spectrometer. Elemental analyses were performed using an EA1112 elemental analyzer to establish C, H, N, and S contents. The masses of the synthesized compounds were determined by matrix-assisted laser desorption ionization timeof-ight (MALDI-TOF) mass spectrometry (LRF20, Bruker Daltonics). Absorption spectra were recorded on a UV-vis absorption spectrophotometer (HP 8453, photodiode array). Cyclic voltammetry (CV) experiments were performed using an eDAQ EA161 potentiostat. The reference and counter electrodes were Ag/AgCl and Pt wire (0.5 mm in diameter), respectively. The working electrodes were obtained by coating the prepared polymer lms onto Pt plates. The electrolyte solution consisted of tetrabutylammonium hexauorophosphate (Bu 4 NPF 6 ) (0.1 M) in acetonitrile. The morphology of each polymer lm surface was analyzed by atomic force microscopy (AFM; Advanced Scanning Probe Microscope, XE-100, PSIA). The internal morphologies of each polymer lm and the lm blends were investigated using transmission electron microscopy (TEM; Tecnai G2 F30, FEI Inc.) at an accelerating voltage of 300 kV. GIWAXS measurements were carried out at the PLS-II 9A ultra-small-angle X-ray scattering beamline at the Pohang Accelerator Laboratory (energy ¼ 11.04 keV, wavelength (l) ¼ Subsequently, the electrodes were subjected to thermal evaporation to form a 10 nm MoO 3 layer and a 100 nm Ag layer (0.04 cm 2 photoactive area). A Keithley 2400 source meter was used to investigate the current density-voltage (J-V) characteristics in the dark and under AM 1.5 G illumination at 100 mW cm À2 , as supplied by a solar simulator (Oriel, 1000 W). An AM 1.5 lter (Oriel) and a neutral density lter were used to adjust the light intensity. The incident light intensity was measured with a calibrated broadband optical power meter (Spectra Physics, Model 404).
